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a b s t r a c t
The establishment of segment identity is a key developmental process that allows for divergence along
the anteroposterior body axis in arthropods. In Drosophila, the identity of a segment is determined by the
complement of Hox genes it expresses. In many contexts, Hox transcription factors require the protein
products of extradenticle (exd) and homothorax (hth) as cofactors to perform their identity speciﬁcation
functions. In holometabolous insects, segment identity may be speciﬁed twice, during embryogenesis
and metamorphosis. To glean insight into the relationship between embryonic and metamorphic
segmental identity speciﬁcation, we have compared these processes in the ﬂour beetle Tribolium
castaneum, which develops ventral appendages during embryogenesis that later metamorphose into
adult appendages with distinct morphologies. At metamorphosis, comparisons of RNAi phenotypes
indicate that Hox genes function jointly with Tc-hth and Tc-exd to specify several region-speciﬁc aspects
of the adult body wall. On the other hand, Hox genes specify appendage identities along the
anteroposterior axis independently of Tc-hth/Tc-exd and Tc-hth/Tc-exd specify proximal vs. distal identity
within appendages independently of Hox genes during this stage. During embryogenesis, Tc-hth and
Tc-exd play a broad role in the segmentation process and are required for speciﬁcation of body wall
identities in the thorax; however, contrasting with results from other species, we did not obtain
homeotic transformations of embryonic appendages in response to Tc-hth or Tc-exd RNAi. In general, the
homeotic effects of interference with the function of Hox genes and Tc-hth/Tc-exd during metamorphosis
did not match predictions based on embryonic roles of these genes. Comparing metamorphic patterning
in T. castaneum to embryonic and post-embryonic development in hemimetabolous insects suggests that
holometabolous metamorphosis combines patterning processes of both late embryogenesis and
metamorphosis of the hemimetabolous life cycle.
& 2014 Elsevier Inc. All rights reserved.
Introduction
In terms of species number, holometabolous insects are by far
the most successful animal lineage, accounting for 83% of
described insects and 64% of described animals (Grimaldi and
Engel, 2005). The evolution of metamorphosis is a key innovation
underlying the incredible success of Holometabola. The evolu-
tionary importance of metamorphosis is thought to partly lie in
the fact that it allows ontogenetic and evolutionary parcellation
of the developmental mechanisms producing larval and
adult morphologies, enabling these stages to become adapted to
different niches (Grimaldi and Engel, 2005). In line with this idea,
larval and adult insects typically differ in their antennal, mouth-
part, and leg morphologies. Although much of insect evo-devo
research has focused on how distinct segmental identities are
speciﬁed along the body axis during development (reviewed in
Hughes and Kaufman (2002)), the relationship between embryo-
nic and metamorphic identity speciﬁcation has not been clearly
addressed. Illuminating the relationship between embryonic and
metamorphic identity speciﬁcation processes in holometabolous
insects would provide insight into the evolution of the holometa-
bolous mode of development.
According to the main model of identity speciﬁcation, the
particular identity adopted by a segment, including its appen-
dages, is determined by the complement of Hox genes expressed
in that segment during development (Angelini et al., 2005; Brown
et al., 2002; Chesebro et al., 2009; Hrycaj et al., 2010; Hughes and
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Kaufman, 2000; Lewis, 1978). However, the Hox genes code for
transcription factors with highly conserved homeodomains
(McGinnis et al., 1984), which have similar in vitro DNA binding
speciﬁcities (Beachy et al., 1988; Desplan et al., 1988; Hayashi and
Scott, 1990), raising the question of how these genes differentially
regulate gene expression in vivo. Insight into this problem
emerged through studies of Drosophila mutant for the TALE-class
homeodomain transcription factor genes extradenticle (exd) and
homothorax (hth), whose protein products always function in
tandem in an Hth–Exd complex (Abu-Shaar et al., 1999; Abu-
Shaar and Mann, 1998; Kurant et al., 1998; Pai et al., 1998; Rieckhof
et al., 1997). Loss-of-function mutations in either gene result in
segmental identity transformations resembling Hox mutants
(González-Crespo and Morata, 1995; Peifer and Wieschaus, 1990;
Rauskolb et al., 1993, 1995; Rauskolb and Wieschaus, 1994).
Further work showed that in many contexts Hox proteins form a
complex with Hth and Exd (Chang et al., 1995; Chan et al., 1996;
Johnson et al., 1995, but see LaRonde-LeBlanc and Wolberger
(2003)), which results in differential DNA binding speciﬁcities
between Hox proteins (Chan et al., 1994; van Dijk and Murre, 1994;
Chan and Mann, 1996; Gebelein et al., 2002; Mann and Chan, 1996;
Ryoo and Mann, 1999; Ryoo et al., 1999; Slattery et al., 2011b).
There are also regulatory contexts where Hox proteins do not
appear to require Exd and Hth as cofactors (Galant et al., 2002;
Gebelein et al., 2002; Sambrani et al., 2013). Likewise, there are
regulatory motifs that bind both Hox proteins and Hth and those
that only bind Hox proteins, presumably reﬂecting contexts where
Hox factors do or do not form complexes with Hth or Exd when
regulating target gene expression (Slattery et al., 2011a). Matching
predictions of this context-dependent requirement, targeting hth
or exd with RNA interference (RNAi) during embryogenesis in
hemimetabolous insect species results in homeotic transforma-
tions of only a subset of ventral appendages (Angelini and
Kaufman, 2004; Ronco et al., 2008; Mito et al., 2008).
The ﬂour beetle Tribolium castaneum has emerged as an
attractive system for studying both embryogenesis and metamor-
phosis in insects (Posnien et al., 2009; Tomoyasu and Denell,
2004). This species is especially suitable for investigating the
relationship between embryonic and metamorphic segmental
identity speciﬁcation because, unlike Drosophila larvae, Tribolium
larvae possess ventral appendages, which are repatterned during
metamorphosis to form the adult appendages. Previous investiga-
tions in T. castaneum have revealed how the Hox genes interact to
specify ventral appendage identities during embryogenesis
(Brown et al., 1999, 2000, 2002) and the function of these genes
in specifying the identity of wings (Tomoyasu et al., 2005), which
ﬁrst appear during metamorphosis, but several key questions
remain to be addressed. First, do the Hox genes interact differently
between embryogenesis and metamorphosis in specifying the
identities of structures that are repatterned during metamorpho-
sis, such as ventral appendages? What is the role Tc-hth and Tc-exd
in regulating segmental identities and does this role vary between
life stages in T. castaneum?
Here, we present results of an RNAi investigation of Tc-hth, Tc-
exd and Hox gene function in T. castaneum that address these
questions. Our results reveal that (a) segmental identity of the
body wall is altered similarly by knockdown of Tc-hth/Tc-exd and
Hox genes at metamorphosis; (b) appendages respond differently
to the loss of Hox genes and Tc-hth/Tc-exd at metamorphosis,
suggesting that Hox genes determine the segmental identity of
appendages independently of Tc-hth/Tc-exd and Tc-hth/Tc-exd
distinguish proximal from distal identity along the limb indepen-
dently of Hox genes; (c) during embryogenesis, Tc-hth and Tc-exd
have multiple functions that are shared with hemimetabolous
species but largely non-overlapping with their metamorphic
functions. Comparisons between identity speciﬁcation processes
at different life stages in T. castaneum and hemimetabolous insects
provide insight into the evolution of the holometabolous life cycle.
Materials and methods
Beetle husbandry
T. castaneum was purchased from Carolina Biological Supply
Company. Beetles were cultured at 32 1C on a diet of equal parts
wheat and white ﬂour at a ratio of 1 part nutritional yeast to 19
parts ﬂour (Sokoloff, 1972). We reared Tribolium brevicornis, a
closely related species (Angelini and Jockusch, 2008), following the
same procedure. We investigated this species to further illuminate
the functions of hth and exd in ﬂour beetles.
Molecular cloning and sequencing of candidate genes
Total pupal RNA was extracted with Trizol Reagent (Invitrogen).
cDNA was synthesized with a qScript Flex cDNA Synthesis Kit
(Quanta Bioscience), selecting for poly(A)þ transcripts with an
oligo-dT primer. We cloned fragments of each Hox gene, hth, and
exd (Table 1). Gene fragments were ampliﬁed using gene-speciﬁc
primers (Supplemental Table 1), cloned into the pCR4-TOPO vector
(Invitrogen), and sequenced using Big Dye v1.1 on an ABI 3130xl
Genetic Analyzer. Sequence identity was determined using blastn
at the NCBI website, using nucleotide collection (nr/nt) for
T. castaneum as the search set.
RNA interference
Gene fragments were ampliﬁed from plasmids using gene
speciﬁc primers with T7 reverse transcriptase promoter sites
added to the 50 end (Supplemental Table 1). Double-stranded
RNA (dsRNA) was synthesized with a MEGAscript T7 kit (Ambion)
(Table 1). To control for off-target effects of Hox RNAi, we
synthesized and tested two non-overlapping dsRNA constructs
for each Hox gene. At least one dsRNA construct for each Hox gene
targeted a region outside of the homeobox. exd and hth have
overlapping functions, but little sequence similarity, so investigat-
ing functions of both genes controls for off-target RNAi effects
during metamorphosis. For maternal RNAi, we also targeted Tc-hth
with non-overlapping dsRNA fragments because the severity of
the Tc-exd RNAi treatments made it difﬁcult to compare embryonic
Tc-hth and Tc-exd results. GFP dsRNA served as a negative control.
dsRNA solution was prepared in 1:20 McCormick green food
coloring and 1:100 injection buffer (0.1 mM sodium phosphate,
5.0 mM KCl, 1:10 green food coloring). To investigate metamorphic
gene functions, ultimate instar larvae that had not yet reached the
resting stage were anesthetized in a petri dish on ice for 5 min.
Approximately 120 nl of 0.1–3.1 ng/μl dsRNA was injected into
each anesthetized larva (Table 1). Larvae were injected dorsally
between the prothoracic and mesothoracic tergites with pulled
50 ml calibrated pipets (VWR International) (Posnien et al., 2009;
Tomoyasu and Denell, 2004). Injected larvae were cultured in
ﬂour/yeast mix at 32 1C until pupation. After pupation, specimens
were stored individually at 32 1C until they reached the adult
stage.
To investigate the embryonic functions of Tc-hth and Tc-exd, we
injected female pupae or adults with dsRNA (Table 2), following
closely the procedures described in Posnien et al. (2009). Males
were added 4 days after eclosion (for pupae) or injection (for
adults). After that, cultures were maintained on presifted pastry
ﬂour at 32 1C and checked for embryos and larvae regularly,
for 1–4 weeks. After collection, embryos were maintained for
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4 additional days, allowing sufﬁcient time for the completion of
embryogenesis.
Specimen preparation and imaging
Adults, including pharate specimens, were cleared for scoring
and imaging following the procedure of Van der Meer (1977).
Brieﬂy, they were heated at 50 1C overnight in 20% glycerol in
glacial acetic acid with 0.1% Tween20. Specimens were then
washed in 20% glycerol with 0.1% Tween20 and stored at 4 1C in
80% glycerol with 0.1% Tween20. Heads, thoraces, and abdomens
were imaged on a Nikon SMZ800 dissecting microscope. Ventral
appendages were mounted on slides and imaged on a Zeiss
Axioskop2.
Embryos and early instar larvae from maternal RNAi experi-
ments were rinsed with distilled water brieﬂy, and then washed
with 50% bleach in distilled water for 2 minutes in order to remove
the embryonic chorion (Jockusch et al., 2004). Next, specimens
were washed twice brieﬂy with distilled water and once with PB-
tween. Cuticles were prepared from most embryos and larvae by
incubation overnight in a mixture of 9:1 lactic acid:ethanol at
55 1C (Shippy et al., 2000), while some were examined
immediately.
All bright ﬁeld and autoﬂuorescence images were taken with
an Olympus Optronics Magnaﬁre digital camera. In some cases,
multiple focal planes of a specimen were imaged and stitched
together with the Auto-Blend Layers command in Adobe Photo-
shop CS4 to maximize focus. For scanning electron microscopy
(SEM), specimens stored in glycerol were rinsed several times
quickly with 100% ethanol, followed by an overnight wash. Speci-
mens were then dehydrated in hexamethyldisilazane, sputter
coated with gold–palladium and imaged on a Zeiss DSM982
Gemini ﬁeld emission SEM.
RNAi phenotype scoring
For adults, ventral appendages were scored for losses and
fusions of articles, and proximodistal and anteroposterior homeosis.
We also scored body wall defects and homeotic transformations of
sternites, tergites, wings and elytra. For the adult abdomen, we
scored sternite morphology and presence of ectopic appendages.
For adult abdominal tergites, we checked for sclerotization of these
normally unsclerotized structures and examined them for the
presence of dorsal thoracic structures. For embryos and larvae, all
appendages were scored as present or absent, as were individual
segments of the antennae and legs. Morphological features, includ-
ing patterns of cuticular autoﬂuorescence, were used to further
characterize abnormal appendage morphologies.
Results
Below, we describe RNAi phenotypes recorded for appendages
and the body wall in anterior–posterior order, ending with results
of our embryonic RNAi investigation of Tc-hth/Tc-exd function.
Although the Hox gene Tc-labial functions during T. castaneum
embryogenesis (Posnien and Bucher, 2010), we did not observe
speciﬁc adult phenotypes with larval Tc-labial RNAi, and do not
discuss this gene further. We recovered matching phenotypes with
RNAi treatments using non-overlapping dsRNA fragments, sug-
gesting Hox RNAi phenotypes and embryonic Tc-hth phenotypes
are not the result of off-target effects. We also recovered matching
phenotypes from Tc-exd and Tc-hth RNAi treatments, suggesting
speciﬁcity of these RNAi treatments, although the Tc-exd RNAi
phenotypes were generally more severe. Adult RNAi specimens
were categorized in terms of phenotypic severity of the effect of
RNAi (Table 1).
Mandibles
The mandible of T. castaneum, like that of other insects, is
composed of a single podomere (Fig. 1B). Neither larval Tc-exd nor
Tc-hth RNAi affected adult mandible identity or morphology.
Tc-Deformed (Tc-Dfd) RNAi was the only Hox RNAi treatment that
affected adult mandible morphology; however, this treatment did
not affect mandible identity. Normally, the posterior edge of the
Table 1
Results of larval RNAi. For the single gene RNAi experiments, the size and concentration used in RNAi experiments of two non-overlapping dsRNA fragments are provided.
For double and triple knockdown Hox RNAi experiments, the size and concentration of all Hox dsRNAs used in the experiment are provided. Specimens in Category I showed
minor patterning defects, including fusions between or losses of appendage articles, but lacked evidence of homeosis. Specimens in Category II exhibited minor patterning
defects, along with homeotic transformations, including segmental identity transformations of ventral appendages, dorsal appendages, or sclerites. Specimens in Category III
exhibited the development of ectopic appendages in body regions that normally lack appendages, in addition to the phenotypes observed in Category II specimens.
Abbreviation: bp, base pairs.
Gene name GenBank accession # dsRNA size (bp) Concentration (μg/μl) Number scored Phenotypic penetrance (%)
Unaffected Category I Category II Category III
GFP 600 1.00 91 96.6 3.4a 0.0 0.0
homothorax (hth) NM_001039400 174 1.00 177 0.0 8.2 90.1 1.8
extradenticle (exd) NM_001039412 236 1.00 43 0.0 4.7 95.4 0.0
labial (lab) NM_001114290 372 1.00 108 100.0 0.0 0.0 0.0
Deformed (Dfd) NM_001039421 373, 622 1.00, 0.60 106 10.4 89.6 0.0 0.0
proboscipedia (pb) NM_001114335 372, 624 1.00, 3.00 99 0.0 0.0 100.0 0.0
Sex combs reduced (Scr) NM_001039434 333, 422 1.00, 0.60 51 3.9 23.5 49.0 23.5
Antennapedia (Antp) NM_001039416 333, 624 1.00, 2.70 24 0.0 100.0 0.0 0.0
Ultrabithorax (Ubx) NM_001039408 522, 232 1.00, 0.70 36 0.0 0.0 44.4 55.6
abdominal‐A (abd-A) NM_001039429 372, 486 1.00, 1.00 42 2.4 9.5 88.1 0.0
Abdominal-B (Abd-B) NM_001039430 373, 522 1.00, 1.00 97 1.0 15.5 83.5 0.0
Dfd/pb 373/372 0.50/0.50 35 8.6 0.0 91.4 0.0
Dfd/Scr 373/333 0.50/0.50 37 0.0 89.2 10.8 0.0
pb/Scr 372/333 0.50/0.50 93 1.1 2.2 96.8 0.0
Dfd/pb/ Scr 373/372/333 0.33/0.33/0.33 39 5.1 2.6 92.3 0.0
Scr/Antp 333/333 0.50/0.50 54 1.9 18.5 79.6 0.0
Antp/Ubx 333/522 0.50/0.50 26 0.0 0.0 53.9 46.2
Scr/Antp/Ubx 333/333/522 0.33/0.33/0.33 45 0.0 0.0 51.1 48.9
a These specimens exhibited minor fusions between appendage elements and other minor defects similar to those seen at low frequency in unmanipulated beetles.
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mandible curves gently from the base of the condyle to the point
of the distal tooth. In Tc-Dfd RNAi specimens, this edge hardly
curved until just below the incisor lobe, and then curved sharply
forming a shoulder (Fig. 1C). The teeth and condyles appeared
normal.
Maxillae
The adult maxilla of ﬂour beetles is composed of the proximal-
most cardo; the stipes, which includes a basal sclerite and palpifer;
two medial endites, the proximal lacinia and the distal galea; and
ﬁnally the distal palp, which is composed of four palpomeres
(Fig. 1A). Larval RNAi treatments targeting either Tc-exd or Tc-hth
resulted in both malformation and transformation of proximal
maxillary elements toward more distal maxillary identity; how-
ever, we did not detect homeotic transformations of the maxillae
to other appendage types. In moderately affected RNAi specimens,
the proximal palpomere became greatly enlarged, consistent with
a transformation toward a more distal palpomere identity (Fig. 1M
and O). The cardo and basal sclerite of the stipes became
misshapen, and this was often accompanied by fusions between
these elements and a reduction in the size of the cardo. The basal
sclerite of the stipes became fused to the inner sclerite of the
stipes. The palpifer adopted a rod-like shape, possibly representing
a transformation to palpomere identity. In severely affected
individuals, Tc-hth RNAi specimens exhibited deletions of a single
palpomere (Fig. 1N), while Tc-exd RNAi specimens exhibited
deletions of two palpomeres (Fig. 1P). Both the galea and lacinia
were severely reduced. Morphology of the distal two palpomeres
was not affected in these treatments.
Tc-pb and Tc-Dfd were both required for maxillary metamor-
phosis. RNAi targeting Tc-Scr had no effect on adult maxilla
morphology by itself (Fig. 1F) or in combination with Tc-Dfd RNAi
and/or Tc-pb RNAi (Fig. 1G, H and K, L). Larval Tc-Dfd RNAi caused
proximal alterations, but did not cause clear homeotic transforma-
tions (Fig. 1D). The cardo was reduced, and the basal sclerite of the
stipes was deleted, exposing the inner sclerite of the stipes. The
palpifer became wider distally, and the joint between the ﬁrst two
maxillary palpomeres became more exposed. These phenotypes
did not match phenotypes recovered from Tc-hth/Tc-exd RNAi
specimens. Larval Tc-pb RNAi phenotypes (Fig. 1E) were consistent
with pb mutations affecting metamorphosis in T. castaneum
(Beeman et al., 1989) and displayed homeotic transformations of
the maxillary palp to leg. The transformed maxillary appendage
included a misshapen proximal palpomere, followed by a femur
and short tibia connected by a characteristic hinge joint; a tarsus
with a variable number of jointed and fused tarsomeres; and a
uniquely shaped distal segment terminating in a single-pronged
claw, indicating pretarsal identity at the tip. Tc-pb RNAi affected
neither the cardo nor the stipes and associated endites.
Co-injection of Tc-pb and Tc-Dfd dsRNA resulted in phenotypes
that differed from both of the single gene knockdowns (Fig. 1I–K);
based on the shape of distal elements, it appears that the maxillary
palpomeres were transformed to antennal ﬂagellomeres and the
endites were also severely reduced. Proximal phenotypes
resembled those generated by Tc-Dfd RNAi.
Labium
The adult labium of ﬂour beetles is intercalated between the
paired maxillae. This appendage is composed of a proximal-most
mentum, followed by the prementum with an associated distal
ligula, and palps, with three palpomeres, which articulate with the
palpiger on either side of the base of the prementum (Fig. 1A).
As in all insects, the unpaired labium is formed by fusion of the
ventral appendages of the labial segment. Specimens from Tc-exd and
Tc-hth RNAi treatments exhibited patterning disruptions of the
labium, including transformations of proximal elements towards
more distal identity, but we did not detect homeotic transformations
of the labium to other appendage types. In moderately affected
specimens, the proximal-most palpomere was transformed toward
distal identity (Fig. 1M and O), evidenced by an increase in the size of
this article. Severely affected specimens exhibited deletions of
palpomeres (Fig. 1N and P). Both the mentum and prementum
became narrower, while the palpiger became elongate relative to
the wild type condition. The part of the prementum normally found
between the two palps was severely reduced. In the most severely
affected Tc-exd RNAi specimens, the mentum metamorphosed into
two rounded sclerites; the palpiger adopted a rod-like shape,
possibly representing a transformation to palpomere identity; the
ligula and large sclerite of the prementum normally found between
the labial palps were completely deleted; and the labial palps were
reduced and fused medially (Fig. 1P).
Larval RNAi targeting Tc-pb and Tc-Scr resulted in distinct homeotic
transformations of the adult labium when these genes were targeted
individually and jointly. Larval Tc-pb RNAi resulted in a transformation
of the labial palps to leg identity (Fig. 1E), as do Tc-pb mutations that
affect metamorphosis (Beeman et al., 1989). The distal palp was
transformed to leg identity, exhibiting a pretarsus with a two-
pronged claw and a variable number of complete and fused
Table 2
Results of maternal RNAi. Number of females injected and the number surviving when males were added are listed. Number scored and phenotypic penetrance refer to
offspring. Hyphens represent instances where no specimens of a given stage were available for scoring. Phenotypic penetrance was calculated by dividing the number of eggs
or larvae exhibiting phenotypes by the total number of eggs or larvae scored.
dsRNA sequence Concentration (μg/μl) Stage injected Number injected Number survived Number scored Phenotypic penetrance (%)
Embryos Larvae Embryos Larvae
GFP 1.00 Pupa 20 18 0 258 – 0.0
1.00 Adult 20 16 1 233 0.0 0.8
hth 1.00 Virgin adult 20 19 17 81 100.0 0.0
1.00 Adult 49 41 111 301 83.0 2.7
1.00 Pupa 37 14 2 25 100.0 0.0
0.10 Pupa 10 10 0 205 – 0.5
0.01 Pupa 27 21 0 116 – 0.0
exd 1.00 Virgin adult 5 2 0 0 – –
0.10 Virgin adult 15 13 2 94 50.0 0.0
1.00 Adult 29 22 40 46 95.0 0.0
1.00 Pupa 37 13 0 94 – 0.0
0.10 Pupa 30 22 0 130 – 0.8
0.01 Pupa 25 16 0 140 100.0 0.0
F.W. Smith, E.L. Jockusch / Developmental Biology 395 (2014) 182–197 185
tarsomeres. The proximal-most homeotically transformed palp ele-
ment resembled a tibia. In Tc-pb RNAi specimens, the homeotically
transformed labial palps never included femur identity, unlike the
homeotically transformed maxillary palps, suggesting that reduction
of the labial palps relative to the maxillary palps occurs by loss of
intermediate identities. The ligula was deleted and the prementum
was markedly reduced and fused with the palpigers.
In Tc-Scr RNAi treatments, the distal labial palpomere acquired the
size and shape of the wild type distal maxillary palpomere and the
ligula acquired galea morphology (Fig. 1F), supporting a homeotic
transformation of the labium toward maxillary identity, although the
structure remained fused along the midline. Tc-Scr RNAi also caused a
slight reduction in size of the mentum and a dramatic reduction in the
size of the prementum; the palpigers became rounded at the edges.
Specimens co-injected with Tc-pb and Tc-Scr dsRNA produced both
phenotypes similar to those resulting from independent Tc-pb RNAi
and Tc-Scr RNAi treatments, and novel phenotypes (Fig. 1H). The
proximal two palp segments adopted morphologies like those of Tc-pb
Fig. 1. Adult mouthpart phenotypes resulting from larval RNAi in T. castaneum. Elements affected by RNAi are labeled in red. In cases where an element is homeotically
transformed to the identity of a different appendage, the element is labeled with the homeotic identity in italics; asterisk denotes basal sclerite of the stipes that is either
missing or transformed beyond recognition. Wild type maxillae (A), labium (A) and mandible (B) morphologies are recovered in GFP RNAi treatments. Black arrowheads
point to the distal sensory ﬁelds on the maxillary and labial palps. Tc-Dfd RNAi affects both mandible (C; arrowheads point to deformed lateral edge) and maxilla (D; arrow
points to abnormal space between the ﬁrst two palpomeres of the maxillary palp) morphology, but does not alter the identity of these appendages. (E) Tc-pb RNAi results in
transformations of both the maxillary and labial palps to leg identity. (F) Tc-Scr RNAi results in transformation of parts of the labium to maxillary identity. (G) Double RNAi
knockdown of Tc-Dfd and Tc-Scr results in a combination of the phenotypes produced in Tc-Dfd RNAi (D) and Tc-Scr RNAi (F) specimens. Arrow as in (D). (H) Double RNAi
knockdown of Tc-pb and Tc-Scr results in a transformation of the maxillary palps to legs and the labial palps to a mixed identity (red arrowheads; see text). (I and J) Double
RNAi knockdowns of Tc-Dfd and Tc-pb result in transformation of the maxillary palps to antennae and the labial palps to legs. (K and L) Tc-Dfd, Tc-pb, and Tc-Scr RNAi triple
knockdowns result in transformation of the maxillary palps to antenna and the labial palps to a mixed identity. (M) Moderate and (N) more severe Tc-hth RNAi phenotypes.
(O) Moderate and (P) more severe Tc-exd RNAi specimens. Both Tc-hth and Tc-exd RNAi result in transformations of proximal palpomeres to more distal identity, and cause
fusions between and losses of mouthpart elements. Abbreviations: cd, condyle; crd, cardo; dt, distal tooth; fe, femur; gal, galea; il, incisor lobe; lac, lacinia; lig, ligula; lp, labial
palpomere; mnt, mentum; mlr, molar; mp, maxillary palpomere; plf, palpifer; plg, paliger; pmt, prementum; pt, pretarsus; stp, basal sclerite of stipes; ta, tarsomere; ti, tibia.
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RNAi specimens, suggesting a transformation to leg identity. However,
the palps lacked both the distal sensory region normally found on
palps and claws normally found on legs, suggesting a transformation
to an identity other than those adopted with independent Tc-pb RNAi
or Tc-Scr RNAi. In these specimens, the shape of the distal labial palp
segments was very similar to the shape of distal maxillary palp
segments which we interpret as having antennal identity in specimens
co-injected with Tc-pb and Tc-Dfd dsRNA (Fig. 1I and J); however, the
labial appendages lacked elements with clear ﬂagellomere morphol-
ogy. Co-injection of Tc-Dfd dsRNA with Tc-pb and/or Tc-Scr dsRNA did
not result in novel or more severe labial phenotypes (Fig. 1G and I–L).
Legs
The leg segmentation pattern is highly conserved across insects
and ﬂour beetles exhibit the generalized pattern. Brieﬂy, there is a
proximal coxa, followed by a trochanter, femur, tibia, tarsus and
pretarsus (Fig. 2A). In males, a structure known as the femoral
brush is located on the ventral surface of the femur. Leg podo-
meres are distinguishable by shape, joint structure, bristle and
spur patterns, and cuticular sculpting patterns (Fig. 2A; Fig. 3A–D).
Most of the femur exhibits smooth cuticle, while the distal-most
femur and the entire tibia share a cuticular sculpting pattern
caused by folding of the epidermis over the bristle pores (Fig. 3A).
The lateral surfaces of the femur are much ﬂatter than those of the
tibia, which are convexly curved. Although pro-, meso- and
metathoracic legs are very similar in morphology, they can be
distinguished based on podomere morphology and the distribu-
tion of spurs. The body of the prothoracic coxa is globose in shape
with a large laterally directed lobe; the mesothoracic coxa is also
globose, but larger than the prothoracic coxa, and it has a much
smaller lateral lobe; the metathoracic coxa is much larger than the
Fig. 2. Adult leg phenotypes resulting from larval RNAi in T. castaneum. Affected structures are labeled in red. Italics indicate homeotic transformations. The numbers
following leg elements refer to the segmental identity of the elements: prothoracic identity, 1; mesothoracic identity, 2; metathoracic identity, 3. Elements that are not
followed by a number represent cases where the segmental identity of the element could not be determined. Asterisk denotes the concave slope of the proximal dorsal
femur, speciﬁc to the prothoracic leg. (A) Wild type morphology exhibited by GFP RNAi specimens. (B) Tc-Scr RNAi alters prothoracic leg morphology: the coxa adopts a novel
shape, the femoral brush is less distinct, and the tibia is transformed toward mesothoracic tibia identity. (C) Tc-Antp RNAi does not affect leg morphology or identity. (D) Tc-
Ubx RNAi causes both the mesothoracic and metathoracic coxae to adopt a novel shape, and the femurs of these legs to approach prothoracic femur morphology. The tibia
and tarsus of the metathoracic leg are transformed to mesothoracic identity. (E) Tc-hth and (F) Tc-exd RNAi result in transformations of proximal leg podomeres to more distal
identity. Red arrows point to regions of legs that are abnormally bent. Abbreviations: co, coxa; fb, femoral brush; fe, femur; pt, pretarsus; ta, tarsomere; ti, tibia; tr,
trochanter; ts, tibial spur; T1, prothoracic leg; T2, mesothoracic leg; T3, metathoracic leg.
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prothoracic or mesothoracic coxae and lacks a lateral lobe. The
dorsal edge of the femur slopes concavely where it meets the
trochanter in the prothoracic leg, but convexly in the meso- and
metathoracic legs (Fig. 2A). The prothoracic tibia exhibits spurs
along its ventral edge and a medial spur that is markedly more
robust than the lateral spur (Fig. 3B), while the meso- and
metathoracic tibiae lack ventral spurs and have medial and lateral
tibial spurs of very similar size and shape (Fig. 3C and D). Unlike
the pro- and mesothoracic tibiae, the metathoracic tibia lacks
spurs along its dorsal edge (Fig. 3B–D). Finally, the pro- and
mesothoracic tarsi are divided into ﬁve tarsomeres, while the
metathoracic tarsus is divided into only four tarsomeres (Fig. 2A).
RNAi targeting either Tc-exd or Tc-hth resulted in transforma-
tions of the proximal podomeres toward more distal podomere
identity. In line with this interpretation, the coxa and trochanter
became more elongate, and a joint resembling the normal joint
between the femur and tibia developed between these two
podomeres (Fig. 2E–F). We also recovered Tc-exd RNAi specimens
that had spurs at the apex of the elongate second leg segment
characteristic of tibia identity (Fig. 2F, T1 leg). We examined the
mesothoracic leg of a Tc-hth RNAi specimen with SEM. The
cuticular sculpting pattern, distal spur (Fig. 3E0), and convex lateral
surfaces of the femur support a transformation toward tibia
(ti, Fig. 3E). In some cases, the femur and/or the tibia became bent
abnormally (arrows in Fig. 2E–F). At least in the tibia, this
phenotype did not accompany other obvious patterning defects,
and it is possible that these abnormal bends are caused by
squeezing of the abnormally long legs of these specimens inside
their pupal cuticles, rather than representing genetic patterning
defects. The tarsus and pretarsus always appeared wild type in
these treatments. These results suggest that Tc-exd and Tc-hth
specify the proximodistal identities of the coxa, trochanter, and
femur. We did not detect segmental transformations of leg identity
in these RNAi treatments.
Tc-Scr RNAi (Fig. 2B) and Tc-Ultrabithorax (Tc-Ubx; Fig. 2D) RNAi
affected patterning and segmental identity of legs, while RNAi
targeting Tc-Antennapedia (Tc-Antp) did not affect leg morphology
or identity (Fig. 2C). In males, Tc-Scr RNAi resulted in the bristles of
the femoral brush being less densely clustered. Tc-Scr RNAi caused
the prothoracic coxa to adopt a novel rectangular shape not
observed in any wild type appendage (Fig. 2B). The femur retained
its normal shape. Other effects were consistent with a partial
homeotic transformation of the prothoracic leg to mesothoracic
leg: the prothoracic medial tibial spur lost its normally robust
morphology and the ventral edge of the tibia lacked spurs (Fig. 3F).
Tc-Ubx RNAi affected both the meso- and metathoracic legs. The
coxa of both appendages adopted a rectangular shape not
observed in any wild type leg, but similar to the prothoracic coxae
of Tc-Scr RNAi specimens (Fig. 2B). The femurs of both the meso-
and metathoracic legs of Tc-Ubx RNAi specimens sloped concavely
like those of normal prothoracic legs. The metathoracic tibia
exhibited spurs along the dorsal edge, but lacked spurs along the
ventral edge (Fig. 3G), and the tarsus was divided into ﬁve
tarsomeres (Fig. 2D). Results of Tc-Ubx RNAi are consistent with
a transformation of the tibia and tarsus of the metathoracic leg to
mesothoracic leg identity. RNAi targeting either Tc-Scr or Tc-Ubx
simultaneously with Tc-Antp RNAi, and RNAi targeting all three of
these genes simultaneously, resulted in combinations of the
phenotypes seen in individual RNAi treatments targeting these
genes (data not shown), rather than novel phenotypes.
Based on what is known about leg identity speciﬁcation during
T. castaneum embryogenesis (Brown et al., 2002) and Drosophila
metamorphosis (Struhl, 1981, 1982) (see “Discussion”), we were
surprised that Tc-Ubx plays a role in providing identity to both the
meso- and metathoracic legs during metamorphosis, while
Tc-Antp plays no detectable identity speciﬁcation role. In order to
gain further insight into these results, we investigated leg expres-
sion proﬁles of the thoracic Hox genes in wild type specimens
using RT-PCR. As expected, we detected expression of all thoracic
Hox genes from cDNA produced from whole pupae (Fig. 4A).
Interestingly, our Tc-Scr primers ampliﬁed two fragments, a 422
base pair Tc-Scr fragment and a larger fragment of unknown
identity, possibly representing an alternatively spliced Tc-Scr
transcript. Consistent with our RNAi results, we detected Tc-Scr
expression at high levels in the prothoracic leg and at low levels in
the meso- and metathoracic legs (Fig. 4B). Not surprisingly, given
our RNAi results, we did not recover clear PCR bands for Tc-Antp
from cDNA produced from any of the legs (Fig. 4C). Surprisingly,
Fig. 3. Scanning electron micrographs of legs from wild type and RNAi specimens. Affected structures are labeled in red. Italics indicate homeotic transformations. (A) Wild
type mesothoracic leg. Spurs are found on the dorsal edge of the tibia (arrowheads). The distal-most femur and the tibia exhibit a unique cuticular sculpting pattern (arrows).
(B) Prothoracic tibia showing spurs along the dorsal (white arrowheads) and ventral (black arrowheads) edges. The arrow points to the robust medial spur. (C) Wild type
mesothoracic leg. Arrowheads point to dorsal spurs along the tibia. Note the slender medial tibial spur (arrow). (D) The wild type metathoracic tibia lacks dorsal spurs. Note
the slender medial spur (arrow). (E) Mesothoracic leg of a Tc-hth RNAi specimen. The cuticular sculpting (arrow) on the femur (ti) gives evidence that it is homeotically
transformed towards tibial identity. (E0) Magniﬁcation of boxed region in E. Ectopic apical spurs (red arrowheads), normally found on the tibia, are found on the femur.
(F) Distal prothoracic tibia of Tc-Scr RNAi specimen with slender medial tibial spur (red arrow). (G) Distal metathoracic tibia of Tc-Ubx RNAi specimen with dorsal spurs (red
arrowheads). Abbreviations: fe, femur; ti, tibia; T1, prothoracic leg; T2, mesothoracic leg; T3, metathoracic leg.
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given the identity determining roles we detected with Tc-Ubx
RNAi, we did not detect expression of Tc-Ubx in any legs (Fig. 4D).
This suggests that Tc-Ubx can perform its leg morphogenesis
functions at very low expression levels, or that it is only highly
expressed during a brief time period or in a small subset of leg
cells. The latter possibility seems unlikely, given that the whole
tibia, tarsus, and femur were transformed in Tc-Ubx treatments.
Dorsal thorax, including membranous wings and elytra
Beetle forewings have evolved into elytra, hard cuticular
structures that cover the membranous hind wings and are not
used in ﬂight (Fig. 5A). In T. castaneum, Tc-hth RNAi resulted in the
development of ectopic elytra tissue on the prothorax (Fig. 5E). We
did not recover ectopic elytra tissue on the prothoraces of Tc-exd
RNAi specimens of T. castaneum (Fig. 5F), but did recover this
transformation in both T. brevicornis hth and exd RNAi specimens
(Supplemental Fig. 1E and F), consistent with completely over-
lapping regulatory functions of exd and hth. RNAi against these
genes also caused a loss of both the medial and scutoscutellar
ridges of the mesonotum (Fig. 5E and F; see also Tomoyasu et al.
(2009)) and disrupted morphology of both the alar ridge and the
metascutellum of the dorsal metathorax (Fig. 5E and F).
Tc-Scr RNAi resulted in the development of ectopic elytra on the
prothorax (Fig. 5B, Tomoyasu et al., 2005), consistent with an Scr
mutation affecting metamorphosis (Beeman et al., 1989). Tc-Antp
RNAi did not affect wing or elytra identity, but did cause loss of the
scutoscutellar ridge of the mesonotum (Fig. 5C; see also Tomoyasu
et al. (2005)), like Tc-hth and Tc-exd RNAi. Finally, Tc-Ubx RNAi
resulted in the transformation of the membranous hind wing to
elytra (Fig. 5D; Tomoyasu et al., 2005).
Fig. 4. Pupal leg Hox expression proﬁles of wild type T. castaneum specimens. rps18
was ampliﬁed from each cDNA sample as a positive control and run out in the same
lane as the Hox PCR from the corresponding sample. (A) Expression proﬁle of
thoracic Hox genes from cDNA prepared from whole T. castaneum pupae. Expres-
sion proﬁles of Tc-Scr (B), Tc-Antp (C), and Tc-Ubx (D) in cDNA prepared from
prothoracic (T1), mesothoracic (T2), or metathoracic (T3) pupal legs. Hash marks in
C and D indicate expected position of Hox PCR fragments. Abbreviations: bp, base
pairs; T1, prothoracic; T2, mesothoracic; T3, metathoracic; wt, wild type.
Fig. 5. Adult thoracic sclerite phenotypes resulting from larval RNAi in T. castaneum. Affected elements are labeled in red. Homeotically transformed structures are labeled
with the homeotic identity in italics. Legs were either completely removed or broken off proximally to expose ventral sclerites. (A–D) Dorsal views are in top panels and
ventral views are in bottom panels. (A) Thorax of GFP RNAi specimen. (B) Tc-Scr RNAi results in the development of ectopic elytra (el) on the prothorax and malformed
epimera (ep). (C) Tc-Antp RNAi results in loss of the scutoscutellar ridge of the mesonotum (top panel), a transformation of the mesosternellum to prosternellum (ps; bottom
panel), and the development of aberrant pits (arrows in bottom panel). (D) Tc-Ubx RNAi results in transformation of the metathorax to mesothoracic identity. The dorsal
metathorax is transformed to a mesonotum (msn-T3) and the membranous wing of the metathorax is transformed to elytron (el). The metathoracic sternite is transformed to
a mesothoracic sternite (ms; bottom panel). Additionally, the dorsum of the ﬁrst abdominal segment (A1) is transformed to mesonotum (msn-A1). (E–F) Left panels are dorsal
views and right panels are ventral views. (E) Tc-hth RNAi and (F) Tc-exd RNAi phenotypes are similar. Ectopic elytron tissue is present on the prothorax, the mesonotum lacks
ridges, and the ventral sternites are reduced. Abbreviations: alr, alar ridge; elytron, el; epimeron, ep; ml, mesosternellum; ms, mesothoracic sternite; msn, mesonotum; mt,
metathoracic sternite; mts, metascutellum; mw, membranous wing; ps, prosternal process; pts, prothoracic sternite; ptt, prothoracic tergite; sr, scutoscutellar ridge.
F.W. Smith, E.L. Jockusch / Developmental Biology 395 (2014) 182–197 189
Thoracic sternites
Tc-hth and Tc-exd RNAi resulted in reduction and patterning
disruption of all thoracic sternites (Fig. 5E and F; Supplemental
Fig. 2E), causing the coxae to become completely exposed. This
was especially true of the metasternite, which became closer in
size to the more anterior thoracic sternites. In general, the
sternites of the three thoracic segments appeared more similar
to each other in Tc-hth and Tc-exd RNAi specimens than in wild
type specimens. However, they did not resemble any wild type
sternite, suggesting that convergent morphologies could be due to
reduction of all sternites, rather than homeotic transformation.
Tc-Scr RNAi specimens had shortened and bent epimera
(Fig. 5B). Tc-Antp RNAi caused transformation of the mesosternel-
lum to a structure resembling the wild type prosternellum, and
development of bilaterally paired pits on the posterior metaste-
rnite (Fig. 5C). Finally, Tc-Ubx RNAi caused the development of a
mesosternellum-like structure on the metasternite and reduction
in the size of this sclerite, suggesting a transformation of the
metasternite to mesosternite (Fig. 5D).
Abdominal segments
The abdomen of adult T. castaneum is composed of 10 segments
(A1–A10). The anterior two sternites (A1 and A2) are internalized,
and sit under the metathoracic coxae. The anterior most visible
abdominal segment is A3 (Fig. 6A). The A3 sternite has a very
distinctly curved anterior margin that abuts the posterior edge of
the metathoracic coxae and a pointed intercoxal process, while the
sternites of A4–A7 have straight anterior margins. The posterior
margins of A3–A6 are straight while the posterior margin of A7 is
rounded. The posterior-lateral margins of sternites A5–A7 are
heavily sclerotized and extend from the body; these projections
increase in size and conspicuousness from anterior to posterior.
A8–A10 are membranous and normally pulled within the abdo-
men, but are telescoped out during mating (Sokoloff, 1972). The
male aedeagus articulates with A8, and the female ovipositor is
composed of parts of A8–A10 (Aspiras et al., 2011).
Ventral abdominal segments A1–A8 all adopted morphology
most similar to wild type sternites A4–A6 in Tc-hth or Tc-exd RNAi
specimens, while the posterior-most segments retained wild type
morphology. In severely affected specimens, at the pupal molt, the
abdomen remained trapped in the larval cuticle, and at the adult
molt, the abdomen remained trapped in both the larval and pupal
cuticle and did not sclerotize fully. In less severely affected larval
Tc-hth or Tc-exd RNAi specimens, the anterior two sternites
became exposed ventrally (Fig. 6E–F). Sternite A3 lost the inter-
coxal process and sternite A7 had a straight posterior margin.
Abdominal segment 8 became sclerotized in response to Tc-hth or
Tc-exd RNAi (Fig. 6E0 and F0). We did not ﬁnd evidence of homeotic
transformations of A9 or the genitalia in response to either Tc-exd
or Tc-hth RNAi treatments.
As with Tc-hth and Tc-exd RNAi, larval Tc-Ubx RNAi resulted in
abdominal sternites 1 and 2 becoming exposed and sclerotized
(Fig. 6D). In severely affected specimens, A1 was transformed to
mesothoracic identity, complete with legs and elytra (Fig. 6D0).
Fig. 6. Adult abdominal phenotypes resulting from larval RNAi in T. castaneum. Ventral views; affected elements are labeled in red. The identity of homeotically transformed
structures is given in parentheses. In cases where the exact abdominal segment identity was unclear, we denote whether it was an anterior (ant) or posterior (pos)
transformation; in some cases we could not determine the axial direction of the transformation (?). (A) Abdomen of GFP RNAi specimen exhibiting wild type morphology.
Female (A0) and male (A″) genitalia, respectively. (B) Tc-abd-A RNAi causes homeotic transformations of segments 4–7 to more anterior abdominal segment identity. (C) Tc-
Abd-B RNAi results in transformation of abdominal segments 7–9 to more anterior abdominal segment identity. (C0) The female genitalia become more sclerotized. (C″) The
male aedeagus becomes bipronged and sclerotized. (D) Tc-Ubx RNAi results in exposure and sclerotization of the ﬁrst and second abdominal segments in moderately affected
specimens. (D0) In more severely affected specimens, the ﬁrst abdominal segment is transformed to mesothoracic identity with elytra (el) and ectopic legs. (E) Tc-hth and (F)
Tc-exd RNAi result in exposure and sclerotization of the ﬁrst two abdominal segments, transformation of the third abdominal segment to more posterior abdomen identity
(note the loss of the intercoxal process; red arrowhead), and transformations of posterior abdominal segments to more anterior abdominal identity. (E0 , F0) Abdominal
segment 8 becomes sclerotized in these RNAi treatments. Abbreviation: ant, anterior; ip, intercoxal process; ml, mesosternellum; ms, mesothoracic sternite; pos, posterior.
1–9 indicate abdominal segment position.
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A2 became sclerotized, suggesting this segment was transformed
to either a thoracic segment or a more posterior abdominal
segment (Fig. 6D and D0). Moderately affected Tc-abd-A RNAi
specimens exhibited transformations of abdominal sternites 4–7
(Fig. 6B). Abdominal sternite 4 developed an intercoxal process,
consistent with a transformation to abdominal sternite 3 identity.
The morphologies of abdominal sternites 5–7 were disrupted in
these specimens, but their exact segmental identities could not be
determined. The abdomens of severely affected specimens
remained trapped in the pupal cuticles. The abdomens of these
specimens were smaller and never sclerotized fully; similar
phenotypes were previously reported for a T. castaneum
abdominal-A (Tc-abd-A) mutation that affects metamorphosis
(Beeman et al., 1989). Like Tc-hth and Tc-exd RNAi, Tc-Abd-B RNAi
resulted in transformations of abdominal segments 7–8 toward
more anterior identity, evidenced by a straight posterior margin
on sternite 7 and sclerotization of sternite 8 (Fig. 6C). However, in
Tc-Abd-B RNAi treatments, sternites 9 and the genitalia also
became heavily sclerotized, and in males the aedeagus was
transformed distally into a two-pronged structure (Fig. 6C0 and C″).
Embryonic Tc-hth and Tc-exd RNAi phenotypes
Although both larvae and adults possess ventral appendages
in T. castaneum, conspicuous morphological differences exist
between the appendages of these two stages. For example, the
legs do not develop discrete tibial and tarsal podomeres during
embryogenesis; instead a single podomere, the tibiotarsus, devel-
ops on each leg (Fig. 7C). Also, the maxillary appendage develops a
single endite during embryogenesis (Fig. 7B), unlike during meta-
morphosis, when the galea and lacinia develop.
In T. castaneum, embryonic functional data are available for Hox
genes (Brown et al., 1999, 2000, 2002; Curtis et al., 2001;
DeCamillis et al., 2001; Shippy et al., 2000), but not for Tc-hth or
Tc-exd. We performed maternal RNAi in order to determine their
embryonic functions (Table 2). At 1 μg/μl dsRNA, pupal-stage
maternal Tc-exd RNAi resulted in the death of 23/37 injected
pupae (Table 2). Eggs produced in this treatment lacked a visible
germ-band, while larvae appeared wild type. In order to attenuate the
RNAi effect, we tested lower concentrations of dsRNA. At 0.1 μg/μl and
0.01 μg/μl, pupal-stage maternal Tc-exd dsRNA injections gave similar
Fig. 7. Embryonic phenotypes resulting frommaternal Tc-hth and Tc-exd RNAi. All panels except G show DIC micrographs of late stage embryos. Wild type morphology of the
anterior body (A; dashed lines demarcate the boundaries between the head, thorax, and trunk), head (B) and legs (C) of GFP RNAi specimens. (C0) Magniﬁcation of sensory
structures on the trochanter boxed in (C). (D) Moderately affected Tc-hth RNAi specimen lacking mandibles and maxillae. (E) Severely affected Tc-hth RNAi specimen. Most
head appendages are missing and the body is rounded, rather than elongate. It is unclear whether the palp has labial or maxillary identity. (F) Legs of a severely affected
Tc-hth RNAi specimen. Trochanter-speciﬁc sensory structures are found on a podomere with femur-like morphology. (F0) Magniﬁcation of sensory structures boxed in
(F). (G) Autoﬂuorescence micrograph of severely affected Tc-hth RNAi specimen. There are no external head appendages, but a pair of palps are present internally, as are the
urogomphi (ur). An ectopic spiracle (sp) appears in the metathorax. (H) Severely affected Tc-exd RNAi specimen. There are no morphological signatures of segmentation or
appendages. Abbreviations: ant, antenna; co, coxa; en, maxillary endite; fe, femur; lp, labial palp; man, mandible; mp, maxillary palp; pt, pretarsus; sp, spiracle; tr,
trochanter; tt, tibiotarsus; T1, prothoracic leg; T2, mesothoracic leg; T3, metathoracic leg; ur, urogomphi.
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results. At 1 μg/μl dsRNA, pupal-stage maternal Tc-hth RNAi also had a
high death rate and low fertility (Table 2). At 0.1 μg/μl and 0.01 μg/μl
Tc-hth dsRNA, specimens developed into normal larvae.
Because of the highmortality associated with pupal-stage maternal
Tc-hth RNAi or Tc-exd RNAi, we injected adult females (virgin and
mature) with either 1 μg/μl Tc-hth dsRNA or 1 μg/μl Tc-exd dsRNA
(Table 2). These produced embryos with a graded series of pheno-
types. The most severely affected embryos that developed cuticle
produced small cuticular balls that differentiated a small number of
setae (Fig. 7H). Neither appendages nor segments were identiﬁable.
Cuticular balls that were dissected out of their egg membranes were
attached to long, membranous structures, which may represent the
gut. More moderately affected specimens formed an anterior deletion
series (Fig. 7D–G). These all possessed identiﬁable segments and
appendages, with a full complement of abdominal segments, as
indicated by bristle rows and spiracles. In the most severely affected
of these, only two pairs of legs were present. The two most frequent
phenotypes are possession of three pairs of legs (Fig. 7G) or three pairs
of legs and one pair of palps. There was inconsistency in which
appendage pair was the ﬁrst to be lost: we recovered some specimens
lacking only the antennae and others lacking only the mandibles. The
labrum was relatively resistant to deletion, and remained through the
loss of at least three head appendages, but was absent in specimens
lacking all head appendages. Eye spots were often lost during the
cuticle preparation process, but in specimens that were examined
without acid treatment, they were always present (data not shown).
The severity of the gap phenotype was correlated with the degree of
abdominal development. In specimens that retained multiple pairs of
head appendages, the abdomen was elongate, approximately normal
in shape, and typically had external urogomphi. In specimens lacking
all or most head appendages, the abdomen formed a more rounded
ball, and dorsal closure was incomplete. Urogomphi were not apparent
externally, but had often instead been incorporated internally. The
remaining head appendages were located at the pole of the egg, and
projected anteriorly (Fig. 7D and E). Head appendages were also
occasionally found internally, suggesting that dorsal growth occurred
over the termini of the embryos.
Most legs retained their 5-segmented structure, but some
reduction was observed. In legs exhibiting reduction, the tibiotarsus
and pretarsus generally appeared normal, while the next segment
had the general size and shape of the femur, but incorporated some
sensory structures of the trochanter proximally, suggesting that it
represented a fusion between the trochanter and femur (Fig. 7F).
In one instance, this compound structure was also fused with the
tibiotarsus. The most proximal segment always included a bright
autoﬂuorescent strip characteristic of the coxa. Rare truncation
phenotypes also occurred; these were always asymmetric. In one
specimen with two pairs of legs, the anterior pair was fused
proximally. The larval legs are very similar to each other in
morphology, so it would not have been possible to identify trans-
formations between legs of the different segments. However, some
specimens developed spiracles on T3 (Fig. 7G). In wild type speci-
mens, spiracles are absent on T1 and T3, but present on T2 and on
the abdominal segments. The size of the T3 spiracles suggests a
posterior transformation of the T3 body wall to abdominal identity,
as has been observed in Drosophila melanogaster (Rieckhof et al.,
1997). When one or two mouthpart pairs were present, these always
terminated with sensory structures speciﬁc to the palps. However,
other features of the maxillae and labium could be lost, including
the maxillary endites and the fused base of the labium.
Discussion
The evolution of complete metamorphosis in holometabolous
insects is thought to underlie the incredible evolutionary success
of this lineage. However, the relationship between developmental
mechanisms active during metamorphosis and embryogenesis is
not well understood. Here, we investigated identity speciﬁcation
processes active during metamorphosis in the ﬂour beetle,
T. castaneum. Comparisons of RNAi phenotypes from Hox genes
and Tc-hth/Tc-exd show that these genes are jointly required to
specify adult speciﬁc regional body wall patterns, but that Hox
genes and Tc-hth/Tc-exd function independently in the adult
appendages. Comparisons of gene function across life stages
highlight differences in how segmental identities are speciﬁed
during embryogenesis and metamorphosis in T. castaneum. Finally,
comparisons to species with hemimetabolous development high-
light differences in the extent to which appendage identity can be
altered post-embryonically and suggest that holometabolous
metamorphosis incorporates some processes active during hemi-
metabolous embryogenesis.
During metamorphosis, Hox genes and Tc-hth/Tc-exd have shared
roles in specifying segmental body wall identities, but distinct roles
in appendage development
The general model for Hox identity speciﬁcation depends on
interactions with Hth/Exd to confer distinct regulatory abilities on
each Hox gene. As expected under this model, aspects of body wall
patterning were similarly transformed in Hox and Tc-hth/exd RNAi
experiments at metamorphosis in T. castaneum (summarized in
Fig. 8). For example, we found that both Tc-Scr and Tc-hth are
required to block elytron development in the prothorax (Fig. 5B
and E; Fig. 8A; see also Moczek and Rose, 2009 and Wasik et al.,
2010). Also in the thorax, both Tc-Antp and Tc-hth/Tc-exd are
required for development of the scutoscutellar ridge of the
mesonotum (Fig. 5C and E–F; Fig. 8B; Tomoyasu et al., 2005). In
the abdomen, Tc-Ubx (Fig. 6D) and Tc-hth/Tc-exd (Fig. 6E and F) are
required for internalization of the ﬁrst two abdominal segments
(Fig. 8A), while Tc-Abd-B and Tc-hth/Tc-exd are required to specify
the identities of abdominal segments 7 and 8 (Fig. 6C and E–F;
Fig. 8A). These results suggest that Hox proteins require Tc-Hth/Tc-
Exd as cofactors to specify segmental identity of the body wall at
metamorphosis in T. castaneum.
There were two clear exceptions to the Hox-Exd/Hth interac-
tion model for body wall patterning. First, the identity of abdom-
inal segment 3 was not affected by any Hox RNAi treatment at
metamorphosis, but was affected by Tc-hth and Tc-exd RNAi
(Fig. 6E–F; Fig. 8A). A similar transformation of A3 occurs in
response to tiptop/teashirt (Tc-tsh) RNAi in T. castaneum (Shippy
et al., 2008), suggesting that Tc-Hth and Tc-Exd may be determin-
ing A3 identity through interactions with Tc-Tsh. Such interactions
are known from Drosophila (Azpiazu and Morata, 2000; Bessa
et al., 2002). Second, our data revealed a role for Tc-abd-A (Fig. 6B),
but not Tc-hth/Tc-exd (Fig. 6E–F), in speciﬁcation of abdominal
segment 4 identity. Therefore, in this context, it appears that
Tc-AbdA does not require Tc-Hth/Tc-Exd as cofactors.
While Hox genes and Tc-hth/Tc-exd are jointly required to
specify aspects of the adult segmental body wall pattern in
T. castaneum, appendages responded differently to interference
with Hox gene or Tc-hth/Tc-exd function at metamorphosis.
Appendages adopted the identity of other appendages in response
to RNAi targeting Hox genes (Figs. 1, 2, and 8A). We only recovered
a single clear example of this kind of transformation accompany-
ing Tc-hth/Tc-exd RNAi. In this case, the antennae, which develop
without Hox input, were partially transformed to leg (Smith et al.,
2014b). In a second possible example, the split mentum phenotype
(Fig. 1P; Supplemental Fig. 1B and C) may represent a transforma-
tion of the labial mentum to maxillary cardo. However, we did not
recover this transformation with RNAi targeting any Hox gene.
While Tc-hth/Tc-exd RNAi did not disrupt the segmental identity of
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most ventral appendages, in all ventral appendages of the head
and thorax, these treatments resulted in transformations of
proximal appendage elements to more distal identity of the same
appendage type (Angelini et al., 2012a, 2012b; Figs. 1–3, 8A and C).
Our results suggest that Hox genes determine the segmental
identity of appendages independently of Tc-hth and Tc-exd and
that Tc-hth and Tc-exd specify proximal appendage identity, as
opposed to distal identity, independently of Hox genes. As with
ventral appendages, Tc-Ubx, but not Tc-hth/Tc-exd, is required to
specify membranous wing identity (Fig. 5D; Tomoyasu et al.,
2005). So, as a general rule, it appears that Hox genes specify
appendage identities independently of Tc-hth/Tc-exd during meta-
morphosis in T. castaneum.
In Drosophila, as in T. castaneum, Hox genes only require hth/exd
in a subset of developmental contexts. In both species, Hox genes
and hth/exd specify segmental body wall identities (Gebelein et al.,
2002; González-Crespo and Morata, 1995; Rauskolb et al., 1995).
Also in both species, Ubx speciﬁes hind wing (membranous wing
or haltere) identity independently of hth/exd, and Hox genes do
not require hth/exd in specifying appendage identities in distal
appendage domains (Galant et al., 2002). These examples suggest
conservation between T. castaneum and D. melanogaster of the
developmental contexts in which Hox genes require Hth/Exd as
cofactors, and those in which Hox genes function independently of
Hth/Exd.
Tc-hth and Tc-exd are required for segmentation during
embryogenesis
Maternal RNAi revealed embryo-speciﬁc functions of Tc-hth/
Tc-exd in the segmentation process. The segmentation defects
reported here closely match those reported for RNAi targeting
Fig. 8. Comparison of the metamorphic functional domains of Tc-hth/Tc-exd and the Hox genes. Results of Tc-hth/Tc-exd RNAi are shown on the left side in (A) and (B), while
results of Hox RNAi are shown on the right. The legend deﬁnes the color-coding. For the Tc-hth/Tc-exd function summary, “indeterminate patterning disruption” (blue) refers
to cases in which it was unclear if the region affected was homeotically transformed. Anteroposterior axis homeoses are inferred to be Hox-dependent (red) if a similar
phenotype was obtained by RNAi targeting any Hox gene (or combination of Hox genes) and Hox-independent if no similar phenotype was obtained. For the summary of Hox
gene function, overlapping functional domains of Hox genes are uniquely colored. (A) Model of ventral surface of adult female T. castaneum. The circles labeled 1 and 2 in
abdominal segment 3 represent the ﬁrst and second abdominal segments, which sit underneath the metathoracic sternites. The function of Tc-hth/Tc-exd in the eyes,
antennae and labrum is taken from Smith et al. (2014a, 2014b) and Angelini et al. (2009); Hox genes are not functional in the anterior head. (A0) Magniﬁcation of mouthparts
shown in (A). (B) Meso- and metathoracic tergites. (C) Summary of appendage elements exhibiting proximodistal homeosis in response to Tc-hth/Tc-exd RNAi. Proximal
antennal elements also undergo a transformation to leg (diagramed in (A); Smith et al., 2014a, 2014b), which is not diagramed here. (D) Summary of appendage elements
exhibiting transformations to other appendage types in response to RNAi targeting individual or pairs of Hox genes. Abbreviations: cl, clypeus; gn, gena; gu, gula; lbr, labrum;
p, pedicel; s, scape. All other abbreviations are as in Figs. 1–5.
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either of these genes in two species of hemimetabolous insects,
Gryllus bimaculatus (Ronco et al., 2008; Mito et al., 2008) and
Oncopeltus fasciatus (Angelini and Kaufman, 2004) as well as in
D. melanogaster mutants (Peifer and Wieschaus, 1990; Rieckhof
et al., 1997). In these species, as in T. castaneum, interfering with
the function of hth or exd resulted in a reduction in the length of
the body axis; in the hemimetabolous species, it also causes
deletion of appendages. In G. bimaculatus and D. melanogaster,
the reduced body axis was accompanied by a reduced number of
expression stripes for segmentation genes, suggesting that these
phenotypes are caused by the deletion or fusion of segments
(Peifer and Wieschaus, 1990; Mito et al., 2008). Our results add to
the evidence that the embryonic segmentation functions of exd
and hth are conserved across insects. Other conserved aspects of
embryonic hth/exd function were revealed by our RNAi experi-
ments; embryonic hth/exd RNAi phenotypes include appendage
fusions along the ventral midline and fusions among proximal leg
podomeres in G. bimaculatus (Mito et al., 2008; Ronco et al., 2008),
O. fasciatus (Angelini and Kaufman, 2004), and T. castaneum.
Fusions among proximal leg elements are also observed during
imaginal disc development in D. melanogaster in response to loss
of function in hth or exd (Casares and Mann, 2001). In terms of
proximal appendage patterning, our data suggest that the embryo-
nic functions of Tc-hth/Tc-exd are more similar to the embryonic
functions of these genes in hemimetabolous insects and to
imaginal disc functions in D. melanogaster than to their functions
during metamorphosis in T. castaneum.
In contrast to these conserved embryonic RNAi phenotypes, the
effects of hth/exd RNAi on appendage identity differed between
species. In both hemimetabolous species, interfering with hth/exd
function results in homeotic transformations of head appendages.
In G. bimaculatus, all head appendages adopted antennal identity
proximally and leg identity distally (Ronco et al., 2008), while in
O. fasciatus, the labium was transformed toward leg distally
(Angelini and Kaufman, 2004) in hth RNAi treatments. In
D. melanogaster, partial transformations of labial tissue towards
leg identity were also observed during imaginal disc development
in response to reduced hth/exd function (Rauskolb et al., 1995;
Inbal et al., 2001). Given the phylogeny of insects, it seems likely
that hth/exd played roles in specifying at least distal identity in the
labium ancestrally in insects. Unlike in these species, in
T. castaneum we did not recover head appendages that exhibited
distal leg structures, such as pretarsi, in either our embryonic or
metamorphic investigations of Tc-hth/Tc-exd function. We hesitate
to draw conclusions from negative results, especially given that
specimens with strong Tc-hth/Tc-exd phenotypes do not develop
head appendages. However, the different phenotypic spectra for
appendages observed in RNAi experiments across species raise the
possibility that the appendage identity speciﬁcation functions of
hth/exd have diverged between T. castaneum and hemimetabolous
insects. Investigations of embryonic and metamorphic functions of
these genes in other holometabolous insect species should be
performed to further test this hypothesis.
Metamorphic roles of Hox genes in appendage identity speciﬁcation
are not predicted by the embryonic models
In a process analogous to cellular differentiation, embryonic
appendage primordia initially share identical developmental
potentials, but subsequently specialize into distinct appendage
types. The regulatory logic underlying differentiation of appen-
dage types during embryogenesis in T. castaneum has been
elegantly deciphered (Brown et al., 2002). During this period, each
Hox gene promotes and suppresses speciﬁc appendage identities,
in some cases by regulating the activity of other Hox genes. The
identity of a given appendage is determined by the combination of
Hox genes that are active in that appendage. In the absence of Hox
gene function, ventral appendages default to antennal identity.
Below we describe embryonic models of Hox gene appendage
identity speciﬁcation function in T. castaneum, and compare these
to results of our investigation of metamorphosis. We highlight
several instances where our metamorphic RNAi results do not
match predictions based on the embryonic models of Hox func-
tion, which may have implications for our understanding of
metamorphosis.
Tc-pb, Tc-Dfd, and Tc-Scr all play roles in speciﬁcation of
maxillary identity during embryogenesis (Beeman et al., 1993;
Brown et al., 2002; Shippy et al., 2000). Tc-pb promotes maxillary
identity in part by blocking leg identity; loss-of-function muta-
tions in this gene result in transformations of the maxillae to legs.
Tc-Dfd blocks antennal identity in the maxillae; by themselves,
loss-of-function mutations in this gene have no effect on maxillary
identity. However, concurrent loss of function of Tc-pb and Tc-Dfd
results in transformations of the maxilla to an antenna. Loss-of-
function mutations in Tc-Scr have no effect on maxillary identity
by themselves. However, Tc-Dfd and Tc-Scr function redundantly to
activate embryonic Tc-pb expression (Brown et al., 2002). There-
fore, while loss of either Tc-Dfd or Tc-Scr function independently
has no effect on maxilla identity (Beeman et al., 1993; Brown et al.,
1999; Curtis et al., 2001), concurrent loss of Tc-Scr and Tc-Dfd
expression results in transformation of the maxilla to an antenna
(Brown et al., 2002), presumably in part because of loss of Tc-pb
expression. During embryogenesis, Tc-pb expression also blocks
leg identity in the labium where its expression is promoted by Tc-
Scr (DeCamillis et al., 2001). Therefore, loss of function of Tc-pb
during embryogenesis results in transformations of the labium to
leg identity, while loss of function of Tc-Scr causes a transforma-
tion of the larval labium to antenna (Beeman et al., 1993).
At metamorphosis, Tc-pb retains a role in promoting mouthpart
identity, in part by blocking leg identity, as predicted by the
embryonic model. However, mouthpart identities resulting from
two of our RNAi treatments disagreed with predictions based on
the embryonic model of Hox function. First, targeting Tc-Dfd and
Tc-Scr simultaneously with RNAi did not result in transformations
of the maxilla to antenna (or any other appendage type) (Fig. 1G).
Second, targeting Tc-Scr with RNAi during metamorphosis resulted
in transformation of the labium to maxilla, rather than antenna
(Fig. 1F). Nonetheless, maxillary and labial palps both retained the
ability to be respeciﬁed as antennae in response to simultaneous
loss of multiple Hox genes (Fig. 1I–L). These results suggest that
Tc-pb expression does not require activation by other Hox genes in
the maxillae and labium during metamorphosis, unlike during
embryogenesis, but that it continues to function jointly with Dfd in
the maxilla and Scr in the labium to specify mouthpart identity.
As in the maxillae and labium, the response of other appen-
dages to RNAi targeting Hox genes did not fully match the
embryonic model of Hox function. In the embryonic model of
T. castaneum appendage identity speciﬁcation, all ventral appen-
dages default to antennal identity in the absence of Hox gene
function (Brown et al., 2002). In the legs, we did not recover
homeotic transformations in response to larval Tc-Antp RNAi
(Fig. 2C), a result that contrasts with the embryonic Tc-Antp loss-
of-function mutations, which cause transformation of all legs to
antennae (Beeman et al., 1993). In Drosophila, Scr, Ubx, and Antp
are each able to independently block antennal identity in the legs
(Struhl, 1982). Therefore, it seemed plausible that Tc-Scr and
Tc-Ubx were acting redundantly with Tc-Antp in blocking antennal
identity in legs during metamorphosis in T. castaneum. However,
targeting these genes with RNAi in combination with Tc-Antp RNAi
did not result in leg-to-antenna transformations. Rather, legs
adopted a mixed leg identity, exhibiting characteristics of both
the T1 and T2 legs. Moreover, during embryogenesis in T.
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castaneum, loss of Tc-Dfd function results in transformation of the
mandibles to antennae (Brown et al., 1999, 2000; Coulcher and
Telford, 2012), but targeting Tc-Dfd with RNAi during metamor-
phosis did not affect mandible identity (Fig. 1C). This lack of
transformation in the mandible, which is serially homologous to
the proximal parts of the other appendages, is consistent with
results from the proximal maxillae and labium. In these appen-
dages, proximal elements also appeared to retain their identities
with disruption of Hox function (Fig. 1E–L).
During metamorphosis in T. castaneum, adult appendages
develop from morphologically differentiated larval precursors that
already possess the correct identity. The differences in response to
disruption of Hox function between embryogenesis and metamor-
phosis, and between appendage types at metamorphosis, likely
reﬂect the inheritance by adult appendage precursors of identity
information from the larval appendages they emerge from. Never-
theless, appendage identity is still labile. How restricted are
appendages in the identities they can adopt during metamorpho-
sis? For example, will mandibles retain their identity if a Hox gene
other than Tc-Dfd is ectopically expressed in them speciﬁcally
during metamorphosis? Transgenic experiments should be per-
formed to further illuminate the logic of appendage identity
speciﬁcation during metamorphosis.
The evolutionary relationship between embryonic and metamorphic
segmental identity speciﬁcation and the origin of metamorphosis
The origin of holometaboly remains a vexing problem in
evolutionary and developmental biology. Given the phylogenetic
relationships among insects, it is clear that holometabolous insects
evolved from an ancestor exhibiting hemimetabolous develop-
ment. The most comprehensive model for the origin of metamor-
phosis posits that the larval stage of Holometabola is homologous
to the pronymphal stage (hatching stage) of hemimetabolous
insects, while the pupal stage is homologous to the suite of
nymphal instars in hemimetabolous species (Truman and
Riddiford, 1999). Support for this model was based on comparisons
of endocrinology of embryonic and post-embryonic development
in hemimetabolous and holometabolous insect species. In terms of
segmental identity speciﬁcation, it appears that speciﬁcation of
segmental patterns that emerge during later nymphal instars in
hemimetabolous insects is similar to processes active during
metamorphosis in holometabolous insects. For example, targeting
Scr with RNAi at metamorphosis results in the development of
ectopic forewings on the prothoracic segment in both holometa-
bolous (Ohde et al., 2013; Tomoyasu et al., 2005; Wasik et al.,
2010) and hemimetabolous species (Chesebro et al., 2009; Hrycaj
et al., 2010).
However, the ventral appendage identity speciﬁcation pro-
cesses active during metamorphosis in T. castaneum do not clearly
correspond to processes active in the nymphal instars of hemi-
metabolous insects. For example, Scr RNAi does not alter ventral
appendage identity post-embryonically in hemimetabolous spe-
cies (Chesebro et al., 2009; Hrycaj et al., 2010), whereas it does
during metamorphosis in T. castaneum. Although comparative data
are limited, other data are consistent with the suggestion that
appendage identity is more labile at metamorphosis in holometa-
bolous species than it is in hemimetabolous species. In particular,
Dll RNAi has homeotic effects on appendage identity at metamor-
phosis in T. castaneum (Smith et al., 2014b; Suzuki et al., 2009), but
not in post-embryonic development of multiple species of Hemi-
ptera (Aspiras et al., 2011; Khila et al., 2012; Lin et al., 2014). This
pattern raises the question of how the identity speciﬁcation
processes active during metamorphosis of ventral appendages in
holometabolous insects relate to processes active in hemimetabo-
lous insects.
A phylogenetic comparison of the ontogeny of pb regulation
may provide insight into the origin of ventral appendage meta-
morphosis. In Drosophila, Scr is required for activation of pb during
embryogenesis (Rusch and Kaufman, 2000), but not in the labial
disc during metamorphosis (Abzhanov et al., 2001). Therefore, it is
plausible that the differences in embryonic and metamorphic
Tc-pb regulation we predict are present in T. castaneum originated
in a common ancestor of Tribolium and Drosophila. Intriguingly, in
O. fasciatus, Scr activates pb during early embryogenesis, but pb
expression does not require Scr activity during late embryogenesis
(Angelini et al., 2005). These results suggest that loss of the
requirement of Scr for pb expression during ontogeny may be a
conserved step in the regulation of appendage identities between
hemimetabolous and holometabolous insects. Investigations of
additional insects species are required to test this hypothesis.
Conclusions
Our results demonstrate that identities of certain aspects of the
adult body plan must be respeciﬁed during metamorphosis, and
that the processes underlying identity speciﬁcation at metamor-
phosis differ somewhat from those active during embryogenesis.
For example, Tc-hth and Tc-exd are required to specify proximo-
distal appendage identities at metamorphosis, but we found no
evidence for such a role during embryogenesis. Additionally, Hox
genes appear to be playing distinct roles in specifying appendage
identities during embryogenesis and metamorphosis in T. casta-
neum. What is the evolutionary origin of the identity speciﬁcation
mechanisms active during metamorphosis? The mechanisms spe-
cifying identities of structures that ﬁrst appear during metamor-
phosis in holometabolous insects, such as wings, appear to have
their origins in mechanisms active post-embryonically in hemi-
metabolous insects. However, the limited comparative data avail-
able suggest that the mechanisms active at metamorphosis in the
ventral appendages of holometabolous insects are homologous to
mechanisms active during late embryogenesis in hemimetabolous
insects. One clear prediction of this hypothesis is that results of
RNAi experiments targeting Hox genes or hth/exd during early
embryogenesis and late embryogenesis in hemimetabolous spe-
cies should mirror the differences we detected between embry-
ogenesis and metamorphosis in T. castaneum. According to this
hypothesis, holometabolous metamorphosis combines features
from embryogenesis and post-embryogenesis of hemimetabolous
development, drawing a more complex picture of the relationship
of the hemimetabolous and holometabolous life cycles.
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